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Four sets of field measurements were made of swell In and just sea-
ward of the surf zone off a uniform sandy beach. Power spectra computed
for both the pre-breakers and the foam lines revealed long waves asso-
ciated with the swell having peak periods centered at approximately 80
seconds. Long wave records were produced by filtering out the ordinary
swell through computing running means of the pre-breaker and foam- line
records. Computer comparison of the long-wave records at the offshore
and surf-zone sites for a given field run resulted in a time-correlation
curve for various time lags between the records. Curves for all of the
runs reveal that the long waves arrive from the open ocean, probably as
forced waves travelling with swell groups, undergo reflection at the
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1. Research Objectives
The original objective of this research was to make field measure-
ments of water-level fluctuations in the surf zone and to investigate
their relationship to the breaker-zone foam lines. As the research
proceeded, spectrum analysis of wave records made in and just seaward
of the surf zone revealed two distinct peaks of wave energy. One was
associated with the ordinary sea and swell and the other with sub- tidal
long waves in the period range of one to two minutes. Attention was
then focused on the nature and origin of the long waves. It is worth
noting here that the writer could find no references in the literature
to measurements of long waves made directly in the surf zone.
2. Description of the Area
Field observations were made on Del Monte Beach near the southern
end of a long crescent-shaped sand beach which forms the inner shore-
line of Monterey Bay. The area of study is shown in Figure 1, which is
a section of Coast and Geodetic Survey Chart 5403. Del Monte beach is
an excellent location for wave studies because of its uniformity and
gentle slope, and the uniform bottom contours offshore. Due to the
sheltered location of the beach, the dominant waves are low swell, but
local wind waves generated by the coastal sea breeze and other onshore
winds are common, particularly in the summer and fall seasons. Waves
from the open ocean refract considerably and arrive with their crests
parallel or nearly parallel to shore.
3. Field Instrumentation
Instrumentation from which the data used in this study were ob-
tained includes: (1) a wave recorder located in a water depth of about
'












FIGURE 1: AREA OF STUDY
10
26 feet approximately 600 feet seaward of the surf zone, and (2) a de-
vice called a foam- line recorder placed in the surf zone directly
inshore from the wave recorder. The relative locations of these instru-
ments are shown in Figure 2. Ordinary sea and swell arriving from deep
water passed the wave recorder as rotational waves, broke 500 to 700
feet inshore, then passed the foam- line recorder as translational waves
or foam lines.
The wave sensor used offshore was a Snodgrass Mark IX pressure- type
wave gauge. It incorporates a low-pass filter to eliminate the tides,
but the instrument responds well to waves in the period range of at
least several minutes. The recorder, located on shore, gave an analog
wave trace on a strip chart.
The foam- line recorder, shown in the photographs in Figures 3 and
4, was designed and constructed by the investigator to measure the chang-
ing water levels in the surf zone. It is a float- type recorder consist-
ing of three clear acrylic tubes, containing three-foot long floats.
The tubes were mounted on a measuring staff graduated in tenths of feet,
and the unit was secured to a rail driven in the beach about 1.7 feet
above Mean Lower Low Water. Two of the tubes had restricted openings at
the bottom so that they acted as high-frequency filters, whereas the
third tube was completely open and its float responded to all water-
level fluctuations. After processing the first set of wave data, it was
evident that only the open tube data provided worthwhile information for
this study.
Recording of the float oscillations in the open tube was achieved
at two-second intervals through single-frame exposure of 16 mm movie
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FIGURE 3: FOAM-LINE RE RDER

far left directed at the foam-line recorder. The clock at the far right
was placed on a tripod in the swash zone within the field of view of the
camera during recording and served as a reference time for each frame
of movie film. Excellent picture sharpness was attained through use of
a 152 mm telephoto lens. Using projector and screen, float levels in
the open tube for each set of wave observations were read to the nearest
0.01 foot. The readings were considered accurate to ±0.02 foot.
During a field run, the offshore wave gauge recorded the pre-breakers
at the same time that the foam- line recorder was being photographed. The
procedures also included synchronization of the two recordings. Because
of the shoal water depths between the gauge and the recorder, waves of
nearly all periods travel at approximately the shallow-water wave speed
(v/gd) and traverse the distance in about 32-36 seconds depending on the
estimated average water depth. The duration of each set of field measure-
ments was about 20-30 minutes so that for nearly all of the observational
period individual waves observed to pass the wave recorder offshore were
also recorded on the surf-zone recorder. The simultaneous records from
the two instruments were then analyzed as described in the next section.
4. Data Reduction
Four sets of field measurements were made and the wave and tide con-
ditions that prevailed during each are shown in Table 1. Unusually calm
weather and low, uniform swell producing plunging breakers occurred in
each case. These conditions are illustrated in the photograph in Figure
5. The initial (unrefracted) wave height, H , varied from 0.5 to 1.0
foot, and the initial wave steepness had a maximum value of 0.0052
ft/ sec for Run 3.
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17
were needed in digital form. The data from the surf-zone gauge, recorded
on movie film, were already in that form. The analog records from the
offshore sensor were digitalized manually. Bottom records were analyzed
without correction for hydrodynamic damping. Damping of long-period
waves is negligible, and small for ordinary sea and swell. For conveni-
ence in computer comparison of the wave records from both instruments,
the data-point interval used for all records was two seconds.
Processing of the data was accomplished with four programs written
in FORTRAN 63 for a Control Data Corporation 1604 computer. Appendices
I- IV list the individual programs, and the following are brief descrip-
tions of each:
(1) POWSPEC. A spectrum analysis program based on the methods of
Tukey and Blackman (1958) made available by the Naval Postgraduate
School. It served to compute the power spectrum of the various wave
records by calculating spectral densities in frequency steps of 0.0025
sec" over the frequency range from 0.00 to 0.25 see"!. A typical com-
puter-drawn power spectrum is shown in Figure 6.
(2) PTPLOT. A program used to plot wave records for visual com-
parisons. It prints plotted data points along an abscissa having a
fixed scale and an ordinate having a variable scale, which allowed rapid
enlargement of wave records.
(3) RUNMWL. An elementary program written to compute and plot 12
and 14 second running means for various wave records. The significance
of these time intervals is discussed in the next section. A portion of
a plotted result for Run 3 appears in Figure 7, and shows a train of
long waves derived from the wave record.







































































between wave records made offshore and in the surf zone. A discussion
of this program appears later.
5. Analysis of a Selected Wave Run
To illustrate the manner in which wave data were processed, the
wave records of Run 3 made on April 1 were selected arbitrarily for de-
tailed examination. The waves were uniform long low swell, and displayed
more prominent wave groups than the other runs. A portion of the record
made at the offshore sensor is shown in Figure 8.
a. Waves Seaward of the Surf Zone (Pre-Breakers)
Figure 9 is the power spectrum of the wave record made at the off-
2
shore sensor during Run 3. It shows two distinct energy peaks, 32.9 ft
2 -l
and 41.4 ft at frequencies of 0.0825 and about 0.0125 sec , or 12.1
and about 80 seconds, respectively. The short-period waves represent
the ordinary swell. The longer-period waves are referred to as long
waves. Due to the record's limited length and the computer program's
0.0025 sec" frequency interval, water-level oscillations of longer
period could not be calculated from the record although they might have
been present.
In an effort to describe the long waves in further detail, a 12-
second running mean of the wave-record data points (at 2-second inter-
vals) was computed and plotted. The purpose of the running mean is to
act as a high-pass filter by averaging the wave record over 12- second
intervals. It was intended that the ordinary swell, having approximately
a 12-second period, would be largely filtered out, leaving the long
waves in evidence. Figure 7 shows a portion of this running mean.





























long-wave train passing the recorder is verified by spectral analysis of
the running-mean record, also shown in Figure 9. Comparison of the spec-
tra shows that the ordinary swell have been largely removed by averaging,
but that high energy density remains at the long-wave period. For the
80-second period, a spectral density of 98.8 ft2 was calculated, indicat-
ing a proportionately high concentration of long-wave energy.
For the two wave records the variance, V, was also computed. Apply-
ing the Pierson, Neumann and James (1955) wave theory, the significant
wave height, Hs , (the average of the 1/3 highest waves) was calculated
from Hs = 2.83v2V. For Run 3, the heights and periods of the pre-breakers
were calculated as follows:
Period Height
Short waves (swell) 12.1 Seconds 0.82 Feet
Long waves 80 " 0.46 "
b. Waves in the Surf Zone (Foam Lines)
As a rotational wave approaches the surf zone it increases in height
until it enters water approximately as deep as the wave is high, where-
upon it becomes unstable and breaks. This new wave, a trans lational
wave, is a type of bore commonly referred to as a foam line, which ex-
pends its energy rapidly in turbulence as it rolls towards the beach.
Through the use of a movie film run at a speed of 0.125 seconds per
frame a detailed profile of a foam line's unique shape is shown in Fig-
ure 10. Encompassing a 13-second period, the wave displays its sharp
turbulent front with a split-second one-foot rise in water level. The
oscillations shown are largely the result of action of the float due to
































































seconds, is damped quickly so that in comparison with the period of the
wave, its effect is believed not to alter significantly the results from
the recorder. Examination of a portion of a foam-line record, Figure 11,
shows that the characteristic sharp increase in water level as the foam
line passes a given point is followed by a gradual reduction of water
level as the wave passes.
The record of surf-zone waves moving past the foam-line recorder
was processed in a similar manner to the pre-breaker record. The power
spectrum, shown in Figure 12, resulted in energy peaks of 12.0 ft2 and
38.9 ft centered at frequencies of 0.825 and about 0.015 sec" 1 , or
periods of 12.1 and about 67 seconds, respectively. The long-wave power
2
spectrum, also shown in Figure 12, had a single peak of 76.9 ft at about
67 seconds.
Comparison of the power spectra of pre -breakers and foam lines
(Figures 9 and 12) shows that little or no energy was transferred to
other frequencies as waves travelled from offshore into the surf zone.
It is apparent that the breaking of waves in the surf zone considerably
reduced the energy in the ordinary swell.
6. Spectral Analysis of All Runs
The foam- line and pre-breaker records of all four runs were pro-
cessed for their respective power spectra. These spectra are shown in
Figures 13 and 14, and the spectral characteristics are tabulated in
Tables 2 and 3. In computing the power spectra, the equivalent equi-
variability bandwidth defined by Jenkins (1961) was used which provided
frequencies t 0.0025 sec" as the bandwidth boundaries.
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spectrum, the period bands were of variable width, and the resolution
was best in the shortest periods. The longest period calculated was 400
seconds, the next shorter period was 200 seconds, then 133 seconds, etc.,
in decreasing steps down to 4 seconds. As a result of this non-linear
scale, the peak periods of the long waves are less well-defined. A peak
period of 80 seconds, for example, means that the peak could fall some-
where in the range from about 73 to 88 seconds.
The energy of the power spectrum for each wave record has been
normalized so that the area under the curve equals one. Therefore, it
is impossible to compare directly the magnitude of the peak energy of
one record with that of another record. The peak energy values of a
given train indicate only the relative amount of energy concentrated at
the associated frequencies. The energy levels in Tables 2 and 3 are
energy values lying on either side of the energy peak, and associated
with the frequency limits of the bandwidth.
The most distinctive feature of Figures 13 and 14 is the dual peaks
evident in seven of the eight records. In each of these records, peaks
at periods of 12-14 seconds and 67-100 seconds occurred. In the eighth
record, made at the offshore recorder on April 9, no well-defined long
waves were found, but a slight increase in energy was noted about a 40-
second period. The properties of the waves associated with the two
energy peaks are summarized in Tables 2 and 3. The peak periods of the
short waves (swell), in Table 2, remained relatively constant as the
pre-breakers were transformed to foam lines. The swell bandwidth was
about one second. The peak period of the long waves, in Table 3, was




The relative amounts of energy contained in the bandwidths centered
about the peak frequency of the short and long waves of each run are
presented in Table 4. Short-wave and long-wave energy is defined here
as the sum of the peak energy magnitude plus the energy levels on either
side of the peak. The total bandwidth energy is the sum of the short
and long wave energies. The relative percentages of the total energy
contained in the short and the long waves are tabulated. As one would
expect, energy was greater in the short waves than in the long waves, •
both offshore and in the surf zone, although there was one exception.
It was found also that the percentages of short-period energy were
greater in the pre-breakers than in the surf zone, and the long-period
energy was consistently more important in the surf zone. These observa-
tions indicate that the short waves lose energy on breaking, hence the
relative amount of long-wave energy increases.
The long waves isolated by the running means were treated in a
similar manner, and the results are displayed in Table 5. Comparison
with Tables 2 and 3 emphasizes the effectiveness of the running mean
technique in filtering out the ordinary swell. The short periods were
eliminated so thoroughly that In every case their "peak energy" was less
than one. In seven records, the peak period of the running mean was
that of the long wave revealed in the analysis of the complete wave
record.
7. Investigation into the Nature of Long Waves
a. Background
Munk (1949) measured long waves of 2-5 minute period, which he
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radiation from the beach. Tucker (1950), studying similar waves, con-
cluded that there is a correlation between the ordinary wave envelope
and long waves moving seaward after an appropriate time lag. Later,
Munk (1962) stated that new research showed the long waves moving shore-
ward, and not seaward. Tucker (1963) disagreed, and concluded that long
waves are forced waves moving with the swell groups. This exchange
serves to show that there exists a basic question concerning the direc-
tion of travel of long waves, and their relationship to the ordinary
surface waves. Thus it became a purpose of this study to devise a method
to compare the wave records of each run in order to learn the travel
direction of the long waves.
b. Program HOWFIT
Program HOWFIT, Appendix IV, was written to calculate the degree of
correlation between the long-wave components of the pre-breaker record
and the surf- zone record of each run when offset in time by various
amounts. Its task is best explained by the idealized wave records of
Figure 15 representing the pre-breakers and foam lines from a given run.
Case I illustrates a hypothetical situation in which two 20-minute water-
level records, one from Station A offshore and the other from Station B
in the surf zone, are frozen in time and placed one above the other.
Visual comparison shows that the records do not match. This, of course,
is expected since they were compared relative to the same time scale at
two different locations. In Case II the record from Station B has been
displaced forward in time relative to the record from Station A by the
time it would take the dominant waves to travel from A to B. The records
now present a closer match.
In order to determine the offset time intervals which give good
37
CASE I: SIMULTANEOUS COMPARISON
A, PRE-BREAKER RECORD
CASE IT DELAYED COMPARISON
A. PRE- BREAKER RECORD
B. FOAM -LINE RECORD
FIGURE 15: CORRELATION OF
IDEALIZED WAVE RECORDS
correlations between two records, the following method was applied. The
wave records were transformed to digital form having a two-second data-
point interval. Then, beginning with an offset time of zero seconds
between the records, the data-point differences between records were
computed over an arbitrarily selected 12-minute time interval, the dif-
ferences were squared, and then summed over the time interval to give a
measure of the correlation. The process was then repeated after offset-
ting the surf-zone record from the pre-breaker record at two-second
intervals both forward and backward in time between the limits of +180
and -180 seconds. These functions were performed by the HOWFIT program,
and the result was a time-correlation graph for each pair of records.
Before HOWFIT could accomplish this task, it was necessary to pre-
pare the records so that each set of wave trains was comparable, i.e.,
their amplitudes were equivalent and their means were equated to zero.
The amplitude adjustment was made by multiplying the data points of each
record by the square root of the other's variance. These steps were com-
pleted for both wave trains in each run before the sum of the least squares
was computed.
Before discussing the results obtained, it is of interest to con-
sider the travel time of shallow-water waves, both swell and long waves,
between the recording devices. Recalling that the wave recorder was
placed 735 feet directly seaward of the foam-line recorder, and consider-
ing the depth to average 12-15 feet between the sensors, a wave crest will
transit the distance between sensors in about 33 to 37 seconds. These
transit times are independent of the wave period for all waves dealt
with in this study.
39
c. Time-Correlation Curves
In Figure 16, the reader can note at a glance certain features com-
mon to all of the curves. Each curve is centered roughly on the zero
line, with minima of good correlation appearing on both sides of zero at
time offsets approximately equal to the travel time of a long wave be-
tween the offshore recorder and the surf- zone recorder. This observation
indicates that long waves come in from the open ocean and then are re-
flected from the shore back to sea.
The times of the correlation minima on either side of zero are
listed in Table 6. Some of the variation between the values may be due
to real travel- time differences of long waves moving shoreward versus
moving seaward, but some variation may be due to slight errors in syn-
chronizing the offshore record with the foam-line record, particularly
in the case of Run 3. It may be noted that the time interval between
the correlation minima is independent of errors in synchronization of
the two records made during a given run.
The time-correlation curves in Figure 16 illustrate that the right-
hand minimum represents a better correlation than the left-hand minimum
in all runs. This means that a better correlation existed between long
waves travelling from the surf zone to the offshore sensor, than for
long waves moving shoreward. No explanation is offered for this inter-
esting observation.
The general shapes of the time-correlation curves for Runs 1, 2,
and 4 are similar, in that the best correlations occur near zero time
and become generally worse as one increases the time separation. However,
Run 3 is different in that good correlation between the two records











CURVES OF ALL RUNS
41
TABLE 6: SUMMARY OF TIME-CORRELATION CURVES
Time of Time of
Left Right
Run Minimum (1 ) Minimum (2 ) Interval
1 -30 sec 42 sec 72 sec
2 -42 34 76
3 -20 54 74
4 -36 40 '* 76
(1) These are apparent travel times between the sensors
of shoreward moving long waves.
(2) These are apparent travel times between the sensors
of seaward moving long waves.
42
This appears to be due to the narrow spectral peaks of the long waves In
Run 3, shown in Figures 9 and 12, and to near coincidence of their peak
periods at the two sensors.
d. Other Aspects of Long Waves
Tucker's (1950, 1963) measurements and the theoretical work of
Longuet-Higgins and Stewart (1962) stated that long-wave depressions are
associated with high ordinary wave groups. As a part of this study, an
attempt was made to associate the long waves with their respective short-
wave groups. Time did not permit reduction of the necessary data to
digital form for comparative purposes, so graphical interpretation was
used. Due to the large amount of subjectivity in visual comparison of
wave records, the results were found to be inconclusive.
Munk (1949) and Tucker (1950) measured long waves of periods two to
five minutes outside the surf zone, and both found a rough 10:1 relation-
ship between the heights of the short and the long waves. In this study
a ratio of approximately 2:1 was found. Hence, it appears that the long
waves of this report were not identical to those previously measured.
No effort was made to discover the nature of the reflective process
as this is a complex subject in itself and is beyond the scope of this
investigation. The same can be said regarding the origin of the long
waves, but it appears probable, as Tucker (1962) stated, that the long
waves are forced waves travelling shoreward with the ordinary wave groups,
These forced waves then are reflected from the shore and travel back to
sea as free waves.
43
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